Abstract February-May temperature strongly affects ecological processes and socio-economics in central China, yet its long-term variability has not been thoroughly assessed due to the shortness of instrumental records. In order to improve the understanding of the regularities of temperature variability in central China, in this study, we present a new tree-ring chronology from the Shengnongjia Mountains in central China which provides a valuable 245-year record of temperature variability. The reconstructed temperature correlated strongly with February-May mean temperature records of the Fangxian meteorological station from AD 1958 to AD 2011, and the derived reconstruction explained 44.5 % of the instrumental temperature variation during this period. The study shows that this region experienced three warm periods and two cool periods, i.e., the major warm periods occurred in AD 1783-1806, AD 1879-1909, and AD 1975 to the present, whereas the cool intervals occurred in AD 1807 -1878 and AD 1910 -1974. This reconstruction could aid in the evaluation of regional climate variability in subtropical China.
Introduction
Long-term climate data not only can help us understand the past climate changes, such as extreme events and abrupt changes, but also can provide, together with historical documents, tools to understand how climate has affected ecological processes and socio-economics in the past. Although there is an increasing number of dendroclimate reconstructions of past climates on regional to global scales (Cook et al. 2013; Ljungqvist 2010; Moberg et al. 2005) , more effort should be made due to the climate change has a strong regional expression. In the past two decades, great progress has been made in tree-ring temperature reconstruction studies in China, especially on the Qinghai-Tibet Plateau (Zhu et al. 2011; Liu et al. 2009; Deng et al. 2014; Yang et al. 2014; Shao et al. 2010 ). In contrast, only a few tree-ring climate reconstruction studies have been conducted in subtropical China (Zheng et al. 2012; Chen et al. 2012; Duan et al. 2011; Shi et al. 2010) due to the scarcity of old-growth forests and the complexity of the relationship between tree growth and climate in this region, just so limits the understanding of past climate changes in subtropical China before the instrumental record.
Abies fargesii, which is endemic to central China, is widely distributed in the Qinba Mountains of China. It generally grows within an altitudinal range of 2000 to 3100 m and dominates the forests above 2500 m a.s.l. in the Shennongjia Mountains (Li 1991) , which is not only a treasure house of biodiversity in China but also a green ecological protective screen for the world-famous Bthree gorges reservoir^area. Several dendroecological studies conducted in the Shennongjia area showed that A. fargesii is valuable for dendroclimate research (Dang et al. 2013b; Dang et al. 2013a ). However, so far, it has no tree-ring-based climate records exceeding 200 years in this region. We were lucky to found that there were many old trees of A. fargesii in our preliminary investigation in 2011, which provided opportunities to conduct dendroclimate reconstruction research in this region. So, the important issue that concerned in this study is whether the climate signal embedded in ring widths of A. fargesii can be extracted successfully and improves the understanding of the regularities of temperature variability in warm and humid subtropical China.
In this study, we developed a 245-years tree-ring width chronology using tree-ring cores from A. fargesii in the Shennongjia area. The growth-climate relationship was then analyzed, and lastly, the temperature variations from AD 1767 to AD 2011 were reconstructed. The study was the first treering-based temperature record exceeding 200 years in the Shennongjia area. The reconstruction could be useful in better understanding the characteristics of climate variation in the study area over the past two centuries.
Materials and methods

Study area
The Shennongjia area (31°15′-31°57′ N, 109°55.8′-110°5 8.2′ E), located in western Hubei Province in central China, has a total area of 3253 km 2 (Fig. 1) . According to the division of Chinese geomorphological units, it belongs to the second terrace of the Chinese continent, lying from east to west in the eastern part of the Daba Mountains, and forms a watershed between the Hanjiang River and the Yangtze River (the third longest river in the world). Most of the peaks of the Shennongjia Mountains are higher than 1500 m a.s.l., with the highest peak (Mt. Shennongjia) at 3105 m a.s.l. There are 3479 higher plants (with the exception of Bryophyta), belonging to 1010 genera and 201 families. The vertical vegetation distribution on Mt. Shennongjia is very distinct from low to high elevations, varying from evergreen broadleaved forest, followed by evergreen and deciduous broadleaved forest, deciduous broadleaved forest, conifer and deciduous broadleaved forest, and sub-alpine conifer forest (including sub-alpine shrubs and meadows) (Zhao et al. 2005) ..
The climate in the Shennongjia area is typical of subtropical mountains, with mild, wet summers and cold, dry winters owing to its location in the transitional zone between the northern subtropical zone and the warm temperate zone. According to the 30-year (AD 1981 (AD -2010 climate records of the Shennongjia meteorological station, the mean annual precipitation is 950.9 mm, and approximately 71 % falls between May and September, with the monthly mean temperatures ranging from 0.9°C in January to 22.8°C in July. Besides this, the precipitation increases, and the temperature decreases with increasing altitude in this mountainous region.
Climate data
There are three national principal meteorological stations close to the sampling sites: the Fengjie meteorological station (31°1.2′ N, 109°31.8′ E, 299.8 m a.s.l.), the Badong meteorological station (31°1.8′ N, 110°22.2′ E, 334 m a.s.l.), and the Fangxian meteorological station (32°1.8′ N, 110°46.2′ E, 426.9 m a.s.l.). In addition, there is a national meteorological observation station, the Shennongjia meteorological station (31°45′ N, 110°40.2′ E, 935.2 m a.s.l.) (Fig. 1) . Due to the limited climate records (AD 1975 (AD -2011 available from the Shennongjia meteorological station and the relatively large difference in altitude between the Fengjie meteorological station, the Badong meteorological station, and the sampling sites, the climate data (AD 1958 (AD -2011 were adopted from the Fangxian meteorological station. The data were obtained from the China Meteorological Data Sharing Service System (http://cdc.nmic.cn/home.do), including the mean monthly maximum temperatures (TMX), the mean monthly temperatures (TMP), the mean monthly minimum temperatures (TMN), and the total monthly precipitation (PRE). Furthermore, gridded climate data , the CRU TS Version 3.22 mean monthly temperature, and monthly precipitation were obtained from the KNMI Climate Explorer (http://climexp.knmi.nl/selectfield_obs2. cgi?id=someone@somewhere).
Field sampling
Tree-ring samples were collected at two sites approximately 2750 m a.s.l. in the Shennong peak scenic area of the Shennongjia area in July 2012. All of the largest and presumably oldest trees were selected for increment core sampling at breast height (1.3 m above the ground) parallel to the slope contour via increment borers. In total, 65 increment cores from 27 trees were sampled at XCP (31°28.8′ N, 110°17.4′ E), and 51 increment cores from 25 trees were sampled at SNG (31°2 5.8′ N, 110°16.2′ E), with 2 or 3 increment cores sampled from each tree.
Tree-ring chronology development
In the laboratory of Wuhan University, the increment cores were mounted in slotted wooden boards and polished by a sander with sandpaper of progressively fine grit. After being visually cross-dated (Yamaguchi 1991) , the cores were measured to the nearest 0.001 mm through a LINTAB 6 tree-ring measurement station and the TSAP-Win program (Rinn 2003) . The width measurements were checked using the COFECHA software (Holmes 1983) . We pooled all samples to develop a single composite ring-width chronology for the study area. If three cores were taken from a tree in which the former two that showed the highest correlation with the master series were included in the final chronology while the other one was removed, cores with poor correlation with the master series were also removed, and 101 increment cores from 52 trees were remained at last. Then, the CRUST software was employed to create a standard chronology, smoothing splines with two-thirds of the length of each series with a 50 % amplitude reduction was employed firstly, negative exponential curves or linear regressions with negative or zero slopes were employed secondly, and all the above methods were combined with signal free method (Melvin and Briffa 2008) to model the biological growth trends in the tree-ring width measurements. The quality of chronology was interpreted by the expressed population signal (EPS) statistic. In this study, running EPS and RBAR were calculated using a 30-year window that lags by 15 years.
Data analysis
Growth-climate relationships, between the standardized ring width chronology and meteorological records and the CRU TS v3.22, for a common period of AD 1958-2011, were investigated by Pearson's correlation in MATLAB. The meteorological data was tested using 20 months of data from March of the year preceding ring formation to October of the year that ring formation. Based on the results of the correlation analysis, a transfer function between the climate data and the tree-ring chronology during the period AD 1958-2011 was derived. To evaluate the stability of the regression equations, Jackknife and bootstrap (with 500 bootstrap samples) statistical methods (Wu 1986) were performed due to the shortness of the climate period (AD 1958 (AD -2011 . Statistical parameters were calculated for the regression equation in the calibration and verification period, including the correlation coefficient (R), the coefficient of determination (R 2 ), the standard error of the estimate (SE), the F-ratio (F), the t statistic (t), the p-value (P), and the Durbin-Watson statistic (DW). The relationship between the observed and reconstructed time series was also tested after removal of low-frequency variation by first differencing. To further understand the regularities of temperature variation, the warm and cool periods were divided on time scale of decades.
Results
Tree-ring width chronology
As we can see, tree-ring width chronology, and its sample depth, running RBAR, EPS were shown in Fig. 2 . The earliest ring dated to AD 1767, and the relatively reliable period was AD 1783 to AD 2011 according to the principle of EPS value >0.85 (Fig. 2) . The statistics of the standard ring width chronology (AD 1767-2011) and the results of the period of common interval analysis (AD 1893 (AD -2005 were computed based on the detrended data. The chronology exhibited typical autoregressive properties, with first-order autocorrelation coefficients averaging to 0.718. The values of R1, R2, and R3 were 0.382, 0.670, and 0.379, respectively. The statistical values of EPS, SNR, and PC1 were 0.978, 43.93, and 40.5 %, respectively. These results indicated that the trees exhibited a common signal which may be associated with the climate of subtropical China.
Tree growth-climate relationship Figure 3 showed the correlation between the tree-ring chronology and the climate variables of Fangxian meteorological station. But the correlation with gridded climate data was not Fig. 1 Locations of the sampling sites shown due to the relatively lower correlation than with that of meteorological station. Comparisons of the correlation patterns of TMX, TMP, and TMN to the chronology showed that the patterns for these variables were very similar. The months with stronger positive correlations than other months were February, March, and April. The strongest correlation was with the mean temperature in April of the year of ring formation (r = 0.52). These results were supported by those obtained from the analysis of relationships of ring width versus mean temperature for A. fargesii in this area (Dang et al. 2013b ). However, except for April of the year ring formation, there was far less significant correlation between monthly precipitation and the tree-ring data.
Reconstruction of the February-May mean temperature
Based on the results as shown in Fig. 3 , it seems rational to use February through March or February through April or March through April as the reconstruction period. The final decision to use February through May was based on consideration of the highest correlation with the chronology. After selecting the climatic variable to be reconstructed, we derived a linear regression equation to provide estimates of the values of the February-May mean temperature.
The regression equation derived from the data described above was as follows:
Where Y t is the estimate of the February-May mean temperature (in degrees Celsius) and X t is the corresponding treering index value (t = year in both cases). The reconstruction explained 44.5 % of the temperature variation and 43.4 % after adjustment for the loss of degrees of freedom over the AD 1958-2011 interval.
The reconstruction passed most of the verification tests. The correlation between the observed and reconstructed temperature was 0.667 (p < 0.001). The statistical analysis showed that the sign-test was significant (39 hits, 15 misses), indicating agreement between the observed and reconstructed temperature series from AD 1958 to AD 2011. It is worth noting that the sign-test was not significant at the 5 % level after first difference; thus, the low-frequency variability was more obvious than high-frequency variability between the reconstructed and observed temperature data.
As Table 1 listed, statistical parameters of the transfer function, such as R, R 2 , F-value, etc. all showed perfect values. The above statistics demonstrated relatively good predictive capability of the transfer function, and consequently, the February-May mean temperature was reconstructed for the Shennongjia area (Fig. 5a) .
The comparison of the observed and reconstructed February-May mean temperature series indicated that there was a strong relationship between the two series (Fig. 4b) . The interannual and the 11-year adjacent average of the reconstructed temperature during the last 245 years not only clearly showed the temperature variation but also showed there were several temperature phases (Fig. 5a) . If the data were based on the reliable period (1783-2011) long-term average temperature in February-May (11.65°C), the warm periods include AD 1783 -1806 , AD 1879 -1909 , and AD 1975 to the present, and the cool periods include AD 1807 -1878 and AD 1910 -1974 .
Discussion
This study confirmed once again that winter-spring temperatures are the critical driving factor of tree radial growth (Fig.3) ; similar growth response relationships have been reported for Korean pine (Pinus koraiensis) in northeastern China (Zhu et al. 2009 ), Hinoki cypress (Chamaecyparis obtusa) in central Japan (Yonenobu and Eckstein 2006) , pine trees (Pinus massoniana) in southeastern China (Duan et al. 2011) , and Shensi fir (Abies chensiensis) in central China (Chen et al. 2015) . The above phenomenon may be caused by the photosynthetic Bmechanism^that is controlled by the temperature regime, and a higher winter-spring temperature prolongs the period of growth during which the trees are capable of photosynthesis. In contrast, except for the April of the ring formation year, the precipitation in other months seem to have little impact on ring growth because precipitation was not a limiting factor for tree growth in humid regions, especially at high mountainous altitudes in humid regions (Massaccesi et al. 2008) . In fact, the significant negative correlation between ring growth and precipitation in April further indicated that temperature was the dominant climatic control factor on ring-width variation of A. fargesii. This may be due to the fact that an increase in precipitation could lower the intensity of solar radiation that reaches the earth's surface, thus lowering the temperature. We can also draw the conclusion that the temperature in May has less important than that in February, March, and April to tree radial growth according to the growth-climate response relationship (Fig. 3) . This may be owing to the fact that temperature in May has greatly increased leading to the limited effect of temperature on tree growth becoming small. This chronology captured a significant percentage of the variations in the observed temperature record and appeared to be suitable for reconstructing temperature variability for the subtropical Shennongjia area. This reconstruction showed excellent agreement with the recorded Fangxian mean February-May temperatures (Fig. 4b ) and significant correlation (r = 0.405, p < 0.001) with the CRU TS V3.22 . To further assess the reliability of this reconstruction, we compared it with temperature reconstructions for Zhenan (Liu and Shao 2000) , Qinling Mountain (Chen et al. 2015) , Dabie Mountain (Zheng et al. 2012 ) all in central China, and east Nepal (Cook et al. 2003) (Fig. 5) . The pairwise correlation coefficient for their respective common time interval, were 0.309, 0.327, 0.397, and 0.340, respectively. Moreover, February-May temperatures anomaly (1880-2011) based on the Northern Hemisphere Land-Ocean Temperature Index (http://data.giss.nasa.gov/gistemp/tabledata_v3/NH.Ts+ dSST.txt) were also used to compare with our reconstruction; the correlation between them is 0.52. The above examples confirmed well the reliability of our reconstruction.
It is worth pointing out that the tree-ring chronology was more capable to better capture low-frequency variability than high-frequency variability in temperature. This may be partly resulted from autocorrelation in high-elevation A. fargesii due to multi-year needle retention. The temperature signal Table 1 The statistics of the transfer function and the verification results of the bootstrap and Jackknife methods (Efron 1979) Calibration (1958 Verification (1958 Jackknife mean (range) Bootstrap (500 iterations) mean (range) contained in the ring widths was, in effect, naturally smoothed by needle retention, which acted like a biologically imposed low-pass filter (Salzer and Kipfmueller 2005) . The study suggested that though the total amount of temperature variation explained by the tree-ring chronology was 44.5 %, the lowfrequency decadal-scale variations in temperature were sufficiently well recorded by the tree-ring chronology. Some further works that maybe reveal yearly climate variations, such as the application of tree-ring stable isotope (Au and Tardif 2012) or tree-ring blue intensity (Rydval et al. 2014) , should be done in the next step to improve on the current results. Then, there appeared to be a question: what was the driving mechanism of temperature fluctuations in study area? The reasons might be different in different time. For example, the most prominent warming stage from the late 1980s to present may be related to human activities. While some other period, such as the 1810s, when the great Tambora erupted (Gertisser et al. 2012) , may relate to natural causes. When a volcano erupted by throwing out large volumes of sulfur dioxide (SO 2 ), water vapor, dust, and ash into the atmosphere, these eruptions could influence climatic patterns for years by increasing planetary reflectivity causing atmospheric cooling. Additionally, as shown in Fig.5 , the temperature was not consistent with each other for the 1890s, which showed regional temperature fluctuation was widespread existence. At the same time, our reconstruction showed more consistency with the northern hemisphere land-ocean temperature than other regional reconstructions (Fig.5) further support the above point of view.
Conclusion
To conclude, this study reported the results of a tree-ring width data from the Shennongjia area in central China, where highresolution paleotemperature records have heretofore been lacking. A temperature reconstruction was developed that accounted for 44.5 % of the variation in the regional instrumental climate record. This suggested that the tree-ring width of A. fargesii was a useful indicator of February-May temperatures in central China. The tree-ring width data provided more information on low-frequency climatic variability than that on high-frequency climatic variability. The reconstruction should be useful, in conjunction with other proxy climate data from the region, such as historical records, in the study of the spatial and temporal extent of climate prior to the observational period. However, because of the relatively warm and humid climate in subtropical China, the rapid metabolism of trees resulted in the phenomenon that there were few trees older than 200 years in the study area; thus, longer dendroclimatic reconstructions require further investigation.
